In actively proliferating cells, such as cells of the developing embryo, DNA repair is crucial for preventing accumulation of mutations and synchronizing cell division. Sea urchin embryo growth was analyzed and extracts were prepared. The relative activity of DNA polymerase, apurinuc/apyrimidinic (AP) endonuclease, uracil-DNA glycosylase, 8-oxoguanine-DNA glycosylase, and other glycosylases were analyzed using specific oligonucleotide substrates of these enzymes; the reaction products were resolved by denaturing 20% polyacrylamide gel electrophoresis. We have characterized the profile of several key base excision repair activities in the developing embryos (2 blastomers to mid-pluteus) of the grey sea urchin, Strongylocentrotus intermedius. The uracil-DNA glycosylase specific activity sharply increased after blastula hatching, whereas the specific activity of 8-oxoguanine-DNA glycosylase steadily decreased over the course of the development. The AP-endonuclease activity gradually increased but dropped at the last sampled stage (mid-pluteus 2). The DNA polymerase activity was high at the first cleavage divisions and then quickly decreased, showing a transient peak at blastula hatching. It seems that the developing sea urchin embryo encounters different DNA-damaging factors early in development within the protective envelope and later as a free-floating larva, with hatching necessitating adaptation to the shift in genotoxic stress conditions. No correlation was observed between the dynamics of the enzyme activities and published gene expression data from developing congeneric species, S. purpuratus. The results suggest that base excision repair enzymes may be regulated in the sea urchin embryos at the level of covalent modification or protein stability.
Mechanisms of the BER pathway and its interplay with other cellular processes have been extensively studied over the past decades 7 . However, this was mostly done in surprisingly few model objects, such as E. coli, yeast, mouse and human cells. While molecular aspects of embryonic development of mammals, including DNA damage and repair, are of great interest, such studies are complicated by the intrauterine mode of mammalian reproduction. Echinoderms, sea urchins in particular, are widely exploited in modern biology as easily accessible models of development in Deuterostomia, a superphylum where vertebrates belong, but this group is very poorly characterized with respect to BER. In sea urchins, only sporadic observations of individual activities in a few species, at a few developmental stages are available. For instance, the presence of uracil-DNA glycosylase activity was detected in early embryos of Sphaerechinus granularis 8 , and a functional Xth family AP endonuclease was cloned from Paracentrotus lividus 9 . Overall time courses of disappearance of DNA damage induced by various genotoxic assaults in adult sea urchin cells suggest that full BER is functional in several species 8, 10, 11 .
We have investigated profiles of several BER activities in the embryonic development of Strongylocentrotus intermedius, a sea urchin species common in the Sea of Japan. A species from the same genus, S. purpuratus, which inhabits the West Coast of the United States, serves as a standard model of echinoderm development and has its genome sequenced, providing a useful basis for BER analysis in this class of animals. Our results suggest that dynamics of specific BER activities in sea urchin embryogenesis may reflect unique genotoxic challenges at various stages of development.
superfamilies of these proteins: exonuclease III-like and endonuclease IV-like. All human DNA polymerases and DNA ligases, as well as accessory proteins (FEN1, XRCC1, PARP1, PCNA, 9- 1-1 factor subunits) participating in both short-patch and long-patch BER were found to have homologs in the sea urchin genome (Table 1) . The homology between sea urchin and human sequences was considerable, with highly conserved catalytic domains and more divergent N-or C-terminal extensions (see Supplementary Fig. S1 for an example alignment of uracil-DNA glycosylase sequences). Overall, it can be concluded that S. purpuratus and, by inference, S. intermedius possesses a full set of BER enzymes required for removal of most lesions that are repaired through this pathway in other species.
Activities of BER enzymes in embryo extracts
In total, we have collected samples from 12 developmental stages representing the development from cleavage (two blastomers) to mid-pluteus. In the beginning of this period, the embryo resides inside the fertilized egg envelope and hatches at stage 12 (blastula), which then develops into a free-floating larva (the prism and later the pluteus). The embryos were lysed using a protocol that we had successfully applied earlier to the analysis of DNases from S. intermedius sperm and early embryos 14, 15 . As the protein composition of the embryo changes during the development, the storage proteins, such as the 159-kDa major yolk protein (MYP), disappear at later stages 16, 17 . Most BER proteins are small in size (< 60 kDa). Therefore, to provide a more meaningful estimate of BER enzymes activity, comparable between different stages, we calculated the specific activity of BER enzymes using an adjusted protein concentration, obtained after subtracting the fraction of protein staining in the large size zone (> ~90 kDa on a Laemmli system gel), dominated at early stages by MYP and other storage proteins, from the total Coomassie blue staining in a gel lane. Activities of several BER enzymes were then measured using oligonucleotide-based assays, which are easily interpreted and often employed in DNA repair studies in cell extracts of various nature. When possible, the cleavage was corrected for non-specific cleavage of an undamaged oligonucleotide with the same sequence except for the position of the lesion.
Uracil-DNA glycosylase activity
To follow the dynamics of uracil-DNA glycosylase activity, we have used a single-stranded 23mer oligodeoxyribonucleotide substrate that contained a single deoxyuridine residue in the 10 th position. Singe-stranded DNA is a preferential substrate for human UNG and E. coli Ung enzymes 18 , and the high conservation of S. purpuratus XP_791566.1 protein suggests that the mode of interaction with DNA is the same in the sea urchin gene ( Supplementary Fig. S1 , Table   Page 5 of 26 Molecular BioSystems 1). Non-specific nuclease degradation, most of which is due to the major S. purpuratus Ca 2+ ,Mg 2+ -dependent DNase 14, 19 , was inhibited by the addition of EDTA. Fig. 2A shows a representative gel of cleavage of dU-containing substrate, and the gel is quantified in Fig. 2B .
The reaction rate was determined from the initial slope of time course plot, corrected for nonspecific substrate degradation, and used to calculate the specific activity of S. intermedius uracil-DNA glycosylase at different development stages. The activity was suppressed by phage PBS2
Ugi protein, a specific inhibitor of uracil-DNA glycosylases related to E. coli Ung and human UNG enzymes (Fig. 2C ).
As can be seen from Fig. 2D , the specific activity of uracil-DNA glycosylase was quite low until hatching of the late blastula (Stage 12) and then increased almost exponentially, reaching a maximum at 52 h post-fertilization (Stage 25). At the last sampled stage, the specific activity decreased but still remained much higher than early in the development.
8-Oxoguanine-DNA glycosylase activity
Since eukaryotic 8-oxoguanine-DNA glycosylase (OGG1) in all studied species is exclusively specific for double-stranded substrates containing an oxoG:C pair, a 23-mer duplex containing this pair was used as a substrate. However, when we have used the same reaction conditions as for uracil-DNA glycosylase, we could detect no appreciable substrate cleavage (data not shown). This is likely due to two reasons: if measured in parallel by the same type of assay, 8oxoguanine-DNA glycosylase is usually less abundant than its uracil-specific counterpart in eukaryotes 20, 21 , and OGG1 is a low-turnover enzyme, remaining tightly bound to the abasic product and displaced from it by APEX1 AP endonuclease 22 . Therefore, we eliminated EDTA from the reaction mixtures and carried the assays in the presence of 1 mM MgCl 2 to activate AP endonucleases in the lysates. Under these conditions, the oxoG:C substrate was cleaved ( Fig.   3A ). However, Mg 2+ also activated non-specific DNases, most likely the Ca 2+ ,Mg 2+ -dependent DNase abundant in the S. intermedius early development 14, 19 . This was evident in the degradation of a control G:C duplex and required correction for the calculation of specific activity ( Fig. 3B ). Of note, cleavage of the oxoG:C substrate was also followed by partial 3′→5′ degradation, making the product shorter than that resulting from oxoG:C duplex cleavage by E. coli 8-oxoguanine-DNA glycosylase, Fpg (compare the mobility of the product bands in Lanes 1 and 2-5, Fig. 3A ). We have earlier observed similar 3′→5′ degradation by human APEX1 in a reconstituted system of human oxoG repair 23 . The specific activity of 8oxoguanine-DNA glycosylase followed the profile generally opposite to that of uracil-DNA glycosylase: the activity was easily observed from the earliest stages of development but steadily Fig. 3C ). However, the magnitude of the specific activity changes was much less than observed for uracil-DNA glycosylase.
In addition, we have profiled the embryo lysates using the duplex oligonucleotide substrates containing the mispairs 5,6-dihydrouracil:G (substrate for eukaryotic NTHL1 and NEIL1 24, 25 ), 8-oxoadenine:C (substrate for OGG1 and NEIL1 26 ), hypoxanthine:T (substrate for MPG 27 ), or A:oxoG (substrate for MUTYH 28 ). However, we have been unable to detect any cleavage over the background with these duplexes, suggesting that the S. intermedius enzymes with these substrate specificities, if present in the developing embryo, are of low abundance.
AP endonuclease activity
The substrate for AP endonuclease assay was an oligonucleotide duplex containing a single residue of (3-hydroxytetrahydrofuran-2-yl)methyl phosphate (THF), an AP site analog that does not contain a hemiacetal moiety at C1′ and thus is not cleaved by AP lyases such as OGG1.
Since the Xth family AP endonucleases are Mg 2+ -dependent, the reactions were carried out in the presence of 1 mM MgCl 2 , and non-specific degradation of an undamaged G:C-containing duplex was used to correct for the background cleavage. Fig. 4A shows that the AP endonuclease activity generally increased over time during the embryo development, although the latest stage experienced a drop in the activity.
Gap-filling DNA polymerase activity
BER can proceed through two sub-pathways, short-and long-patch, with the former dominating in the eukaryotes 29 . Short-patch BER, which replaces a single damaged nucleotide in DNA, wholly depends on DNA polymerase β (POLβ) whereas long-patch BER is initiated by POLβ and continued by DNA polymerases δ or ε. Reflecting the place of POLβ in the sequence of BER mechanistic events, the preferable substrate for this DNA polymerase is DNA with a onenucleotide gap 30 . We used such a substrate ( Fig. 1A ) and dATP to evaluate the polymerase gapfilling activity that may be relevant for BER.
As shown in Fig. 4B , the gap-filling polymerase specific activity was quite high at the earliest stages of development, when the embryo undergoes fast cleavage, and sharply decreased at the blastula stages. Then, a burst of activity was observed at Stage 12, when blastulae hatch, followed by uniformly low specific activity afterwards. It should be noted that due to the presence of DNA polymerase cofactor Mg 2+ in the reaction mixture and the concomitant nonspecific substrate degradation, the actual gap-filling activity may be partially masked, yet the differences between the stages were quite clearly observed.
Discussion
Dynamics of DNA repair activities in the development of multicellular organisms is currently under active scrutiny with respect to a narrow set of BER enzymes specializing in the erasure of epigenetic marks from DNA 6 . However, information on the genome defense function of BER in development is quite fragmentary. Protection of the genome at embryogenesis is extremely important for two reasons. First, cells of the developing animal embryo divide much more rapidly than in the adults and failure to repair their DNA may lead to mutations, cell cycle disturbance or unregulated cell death manifesting in teratogenesis 5 . Second, various kinds of DNA damage were shown to disrupt binding of transcription factors involved in developmental regulation of a number of genes, including AP-1, Sp1, NF-κB, CREB, etc. 31, 32 Several studies followed DNA damage and repair in the developing zebrafish (Danio rerio), the most informative model in the developmental genetics of vertebrates 33 . 8oxoguanine-DNA glycosylase ogg1 mRNA is enriched in the midbrain and heart tube of zebrafish embryos. Ogg1 seems to be required for correct axonal growth and gross brain morphology; morpholino knockdown of ogg1 significantly increases the level of oxoG and phosphorylated γH2AX histone, a strand break marker, and changes the expression of an array of cell cycle checkpoint, apoptosis, and neurogenesis genes in the brain 34 . In the cardiovascular system, ogg1 knockdown disrupts cardiomyocyte production and leads to small heart, heart oedema, and a drop in the heart rate 35 . A similar spectrum of cardiovascular abnormalities plus erythropoiesis deficiency, eye and notochord malformation results from a knockdown of AP endonuclease, the next enzyme in the BER pathway 36 . Uracil-DNA glycosylase (Unga) mRNA is maternally supplied, and the level of protein increases ~4-fold from the zygote to the sphere (mid-blastula) stage; however, Unga in early zebrafish embryos seems to be involved to active epigenetic demethylation rather than genotoxic stress alleviation 37 .
Observations of genome-defense DNA repair in other vertebrates are less systematic and mostly limited to rodents. In mouse embryos, the total level of ung mRNA rises dramatically between 7 and 11 days post coitum (dpc) and then gradually decreases 38 ; in rats, the same increase takes part between days 11 and 12 of gestation 39 . However, at least in rats, this mRNA increase is at variance with the protein level or activity, which actually falls at this time 39 ; in several rat organs, uracil-DNA glycosylase activity peaks on or around birth and then sharply decreases 40 . Another DNA glycosylase following a sharp increase pattern was Neil1, whose mRNA peaked at day 17 in mice 41 . An increase was also observed for murine ogg1 from day 6.5 but it was more gradual 41 . In contrast, mpg mRNA level gradually decreases in mice from 7.5 dpc onward 42 . A decrease from day 14 of gestation was also observed in the rat brain for the Drosophila and Caenorhabditis elegans, two leading invertebrate models of development, belong to Protostomia and so are less relevant to vertebrate embryogenesis than sea urchins. Notably, genomes of many protostomes seem to lack the full complement of vertebrate BER genes, suggesting alternative ways of repairing unavoidable endogenous lesions.
For example, Drosophila has no uracil-DNA glycosylase homologs, yet two poorly characterized activities removing uracil from DNA either as a free base or as part of short oligonucleotides have been described from larvae of various ages 44, 45 . Larval tissues of Drosophila contain a greatly elevated level of uracil, whereas imaginal discs seem to support active uracil removal and prevention of dUMP incorporation 46 . Expression of ogg1 in the larvae also seems to be limited to imaginal discs 47 . Uracil-DNA glycosylase is found in C. elegans embryos but its knockout has no consequences for the embryonic development 48 .
We have selected S. intermedius for this study based both on the local availability in the A recent quantitative transcriptome study 49, 50 49, 50 . Nevertheless, a side-by-side comparison reveals surprisingly little parallels between mRNA levels and enzyme activity. Uracil-DNA glycosylase activity, which increased by more than an order of magnitude after gastrulation, was actually accompanied with a decrease of a similar scale in the udg mRNA abundance, and mRNA levels remained relatively constant after 24 h of development. For ogg1, the mRNA increased sharply during 0-18 h and then also remained relatively constant. AP endonucleases showed two distinct patterns of expression: ape mRNA steadily rose to a maximum at 30 h and then fell back to the early-embryo levels, yet the overall magnitude of change was only ~3-fold. mRNAs for the second Xth-like AP endonuclease, apex2, and for the Nfo-like AP endonuclease, en_IV, showed a time course very similar to that of udg, with a peak very early in development followed by a sharp drop. In fact, udg, apex2, and en_IV were classified into one expression cluster 50 . A similar behavior was also seen for polb but with a somewhat lower peak at 10 h. Although we did not measure DNA ligase activity, it is noteworthy that DNA ligase III, dnl3, was expressed in the same cluster with ogg1, in view of the interactions between these two proteins in short-patch BER 29 . Overall, however, changes in the expression of the BER pathway did not occur in concordance, and did not correlate with the enzyme activities that we have assayed, which may be due to regulation of the abundance of BER participants at the level of protein activity or stability rather than mRNA or protein synthesis. Our attempts to follow levels of S. intermedius BER proteins by Western blotting using antibodies raised to their human homologs were unsuccessful, likely due to poor cross-reactivity between these particular human and echinodermal antigens.
Since the same lesion can usually be processed by functionally redundant BER enzymes, the identity of activities we assayed in the extracts may be supported only indirectly. Singlestranded DNA containing uracil can be digested by uracil-DNA glycosylase Udg and singlestrand-selective monofunctional uracil-DNA glycosylase Smug1 51 . Since UNG comprises ~90% of the uracil-removing activity in mammalian cells, and since uracil excision in our experiments was sensitive to Ugi protein (Fig. 2D) , a specific inhibitor of UNG-like but not SMUG1-like enzymes, Udg is the primary candidate for the assayed activity. 8-Oxoguanine is most likely excised by Ogg1, the major eukaryotic glycosylase for this lesion 52 . Of three AP endonuclease homologs found in the Strongylocentrotus genome, En_IV probably does not contribute to the activity measured in our work, since enzymes of the Nfo family are Mg 2+independent and no activity was observed in the absence of Mg 2+ . Based on the relative abundance of APEX1 and APEX2, in mammalian cells, Ape seems a better candidate for the major S. intermedius AP endonuclease. Finally, of eukaryotic DNA polymerases, POLβ prefers DNA containing small gaps as a substrate 30 and is also the most abundant 53 so our assay likely reflects the activity of DNA polymerase β in the sea urchin cells. It should also be reiterated that the lack of some activities tested for (such as NTHL1-, NEIL1-, MPG-, and MUTYH-like) does not necessarily imply their absence but may be due to low level, expression in a limited number of specific cells, masking by other activities (e. g., nucleases), or suboptimal reaction conditions.
Abrupt changes in the environmental conditions expose the developing embryo to specific physiological assaults, including genotoxic ones. In humans and other viviparous animals, oxidative stress at birth is amply documented 54 . Aquatic organisms experience similar kind of stress after hatching, when a protective egg envelope is discarded. In our profiles, embryo hatching was associated with a sustainable increase in the activity of uracil-DNA glycosylase and a temporary peak in the activity of gap-filling DNA polymerase. In embryos of another saltwater invertebrate, the brine shrimp Artemia salina, uracil-DNA glycosylase activity increases during pre-emergence from the resting cyst 55 . A number of DNA-damaging chemicals have been found in seawater, halogen oxides, reactive nitrogen species, and methyl halides being among the most abundant natural genotoxicants 56, 57 . It is possible that a transition to the open marine environment requires adjustment of the embryo's DNA repair capacity for certain lesions, e.g., products of base deamination that are easily induced by reactive nitrogen species 58 .
In addition, development-specific genotoxic effects can be generated endogenously. For example, MYP, the major storage protein in Strongylocentrotus eggs, is a transferrin-like protein containing a Fe 3+ binding site 16 All spawning and development procedures were carried out at 20°C in sea water sterilized by filtration through a 0.45 µm filter (Agilent Technologies, Santa Clara, CA). Adult specimens of S. intermedius were collected at the PIBOC Marine Experimental Station (Troitsa Bay area of the Peter the Great Bay, Sea of Japan) during the natural spawning season (August-September).
Sea urchin embryo growth and extract preparation
Gamete release was induced by intracoelomic injection of 0.5 M KCl, and oocytes and sperm were isolated as described 60, 61 . The unfertilized eggs in 100 ml of sea water were mixed with the concentrated suspension of sperm (2-5 ml) and after 2 min the mixture was diluted to 1 l.
The eggs were allowed to settle down by gravity and washed with sea water 2-3 times to remove 
Enzyme activity assays
For analysis of uracil-DNA glycosylase activity, the substrate was a single-stranded 23-mer oligonucleotide containing a single deoxyuridine residue. For analysis of other DNA glycosylase activities, the substrates were 23-mer oligonucleotide duplexes containing pairs oxoG:C, 8oxoadenine:C, dihydrouracil:G, hypoxanthine:T, or A:oxoG (Fig. 1) . The thawed extracts (50 µl) were supplemented with either EDTA (5 mM) or MgCl 2 (1 mM) and the substrate (50 nM), and incubated at 37°C. If necessary, the extracts were diluted in the storage buffer (see above) before adding EDTA and the substrate to achieve time course linearity. In parallel control reactions, undamaged oligonucleotides identical to the substrates except at the site of the damage (C for uracil-DNA glycosylase, G:C for 8-oxoguanine-DNA glycosylase) were added. Aliquots (5 µl) were withdrawn at 2-120 min, and the reaction was stopped by adding 5 µl of 0. 
Legends to figures

